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(57) Abstract: The present invention uses supercritical and near supercritical fluid technology for the processing of polymer-con- 
taining formulations without induced foaming, giving benefits of either reduced melt viscosity and/or lower melt temperatures. Its 
application is particlarly beneficial to difficult to process materials, including unplasticised PVC, polycarbonate, PTFE, UHM^TE 
and polymers containing high loadings of fillers of organic origin. Shear and thermally sensitive materials can also be processed 
using this method with less risk of degradation, due to the lower shear input and reduced processing temperatures necessary. The 
production of foamed ceramic materials and metallic components by such a method is also disclosed. 
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The present invention relates to material processing, in particular where it is 
required to cause the material to flow during processing. Examples are the formation of 
products by extrusion, moulding and the like. 

The production of articles by extrusion, moulding and similar methods is limited by 

5 ■ the viscosity of the material being processed. This has the effect of dictating the 

processing temperature, which wiU commonly alter the viscosity of the material and as a 
result the material solidification time. For example, if it is necessary to heat the material to 
an elevated temperature in order to mould it, it will be necessary to wait for the mould to 
cool to solidify the moulded product. The higher the processing temperature, the longer 

10 the time needed to cool. Moreover, some materials have too high a viscosity to be 

processed in this manner, at any practicable processing temperature. It is known to add 
supercritical carbon dioxide to a polymer durmg extrusion in order to foam the polymer. It 
is also known that the supercritical carbon dioxide does lower the viscosity of the polymer 
melt but only as a side effect to foaming and not used as part of the processing of the 

15 material. 

More specifically, during flow, the majority of polioners and polymer-based 
material systems exhibit pseudoplastic rheological behaviour, which is non-Ne-v^^onian. 
Viscosity of these systems is reduced by the input of shear and temperature during 
processing. Polymer and polymer-based materials processing equipment are designed to 

20 heat the material, apply shear forces and in the case of thermoplastics, subsequently cool 
the component after shaping. In, for example, the injection moulding process, material is 
fed into a heated barrel where typically minimum processing temperatures of 50°C above 
the melt temperature and 100°C above the glass transition temperature are generally 
necessary. Shear is induced during melt plastisation and injection into the mould, where 

25 pressures as high as 50 to 100 MPa are required due to the viscous nature of the materials. 
Large clamping forces are necessary to counteract these high injection pressures, resulting 
in robust and costly construction of machines and moulds. Furthermore, the high viscosity 
of polymer melts inhibits their flow during processing, reducing throughpiits during 
extrusion processes and complicating filling of complex injection mould cavities. 

30 Although raising melt temperatures will reduce viscosity of the material, cooling times to 
solidify the material are extended after shaping, thereby lowering production rates. 
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Many polymers, including unplasticised poly(vmyl chloride) (PVC), polycarbonate 
(PC) and some elastomeric pol}a2iers, such as natural rubber have very high melt 
viscosities, further exacerbating processing problems by raising melt pressures during 
moulding and extrusion. Increasing melt temperature, in order to reduce viscosity and 
enhance flow, is limited by the thermal instability of polymers, particularly in the case of 
PVC. Some polymers such as ultrahigh molecular weight polyethylene (UHMWPE), 
where the molecular weight exceeds 1 million, generally cannot be processed by 
conventional melt processing techniques, such as extrusion and mjection moulding. The 
lack of flow in these systems necessitates modifications to the material composition or 
alternative processing measiu-es such as sintering under pressure, to fabricate parts. 
Similar constraints exist with poly(tetrafluoroethylene) (PTFE) arising from strong 
inter-chain forces in this material. 

Additives are included in polymers for a variety of reasons, such as to enhance 
processabilily, fimctionality, or simply to reduce cost. Fillers (of organic or inorganic 
origin) may require inclusion at high filler levels, which commonly increases melt 
viscosity, thereby significantly limiting processability. In the case of ceramic and metal 
powders combined with sacrificial polymer isinders acting as veliicles to facilitate 
fabrication, filler loadings may exceed 60% by volume. Viscosities can be exceedingly 
high and in some cases flow may cease altogether due to the dilatent (or shear thickening) 
nature of the material, placing restrictions on the upper filler loading possible. 

In the case of energetic polymer formulations, thermally unstable explosive 
additives are contained in polymers to allow shaping into finished parts by melt processing. 
However, the high levels needed for the product function increases viscosity of the 
material, which due to the shear heating effect created in viscous polymer melts can cause 
local hotspots and serious safety implications. 

The application of supercritical fluids (SCF) technology to polymer melt 
processing, as a means of producing microcellular foams, has been reported, in particular 
by Trexel Inc. Through its Mucell process, its has successfully commercialised this 
approach for foaming of polyolefms and other commodity plastics. Reference is made to 
US-A-5,334,356; US-A-6,05 1, 174; the article by Lee L.J. and pTzoganalcis C. and Park 
C.B., Extrusion ofPE/PS Blends with supercritical carbon dioxide, Polym. Eng. Sci. 38, 
1998, 11 12; British patent application No. 003018,2.0,; and the article by Hornsby.P.R., 
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Rheology, compounding and processing of filled thermoplastics. Adv. in Polym. Sci. 139, 
1999,156-217. Lee and Tzoganalds have reported that the presence supercritical fluids 
during processing can improve the miscibility between two polymer systems, such as 
polystyrene and poly(ethylene). It has also been reported that supercritical carbon dioxide 
5 (scCOa) introduced to produce polymer foams, has the added benefit of reducing polymer 
viscosity during melt processing, possibly through a solvating or plasticising effect. 
The present invention seeks to provide improved processing of materials. 
According to an aspect of the present invention, there is provided a method of 
processing material in a process which requires flow of material including the steps of 
10 providing material to process, adding to the material a supercritical fluid to reduce the 
viscosity of the material and processing the material at its reduced viscosity. 

The processing at lower material viscosity is advantageously carried out without 
causing or allowing the material to foam. This can be achieved in a variety of maimers, as 
described below, and may for example include maintaining the material above a 
15 predetermined pressure. 

The preferred embodiment adds to the material an amount of supercritical fluid 
which is insufficient to cause foaming to the material. The precise amount or proportion of 
supercritical fluid can be determined by experiment. In practice, reductions in viscosity of 
around 25% have been achieved at levels of supercritical fluid which are still insufficient 
20 to cause foaming. 

Another embodiment provides a higher amount or proportion of supercritical fluid 
and the method includes the step of preventing the material from foaming during 
-processing, for example by control of pressure and/or temperature, and removing the fluid 
from the material during or after processing thereof. With this embodiment, it is possible 
25 to achieve greater reductions in viscosity while still being able to avoid foaming of the 
material and thus eventual product. 

The present invention uses supercritical and near supercritical fluid technology for 
the processing of polymers and polymer-containing formulations without induced foaming, 
giving benefits of either reduced melt viscosity and/or lower melt temperatures. Its 
30 application is particularly beneficial to difficult to process inaterials, including 

unplasticised PVC, polycarbonate, PTFE, UHMWPE and polymers containing high 
loadings of fillers of organic or inorganic origin. Shear and thermally sensitive materials 
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can also be processed using this method with less risk of degradation, due to the lower 
shear input and reduced processing temperatures necessary. 

Another aspect is directed to the use of supercritical fluid technology to produce 
moulded or extruded foamed ceramics and metallic components. By altering processing 
parameters, foaming can be retarded or induced as required. It has been shown that this 
can be applied to the continuous manufacture of porous ceramic or metal components, 
involving high loadings of ceramics or metals contained in sacrificial polymer binders, 
which are removed after the forming stage, before the ceramic or metallic perform is 
sintered and densified at high temperatmre. This technique has been found to provide more 
control of pore structure relative to alternative batch techniques that are currently available 
for making foamed ceramics and metals. 

In practical embodiments removal of the supercritical fluid can be by positive, 
extraction, such as by suction, and/or by providing a porous section of processing assembly 
which retains the material and allows egress of the supercritical fluid. 

. In this alternative, foaming can be prevented during processing by control of 
pressure of the material and fluid combination. 

The supercritical fluid is preferably carbon dioxide. Other supercritical fluids could 
be used, an example being water or nitrogen. 

According to another aspect of the present invention, there is provided a system for 
processing material in a process which requires flow of material including means for 
containing material to process, means for adding to the material a supercritical fluid to 
reduce the viscosity of the material and a processing unit operable to process the material 
at its reduced viscosity. 

The preferred embodiment includes control means operable to control the amount 
of supercritical material added to the material, preferably to an amount which is 
insufficient to cause foaming to the material. The control means may alternatively or 
additionally be. operable to control the addition of supercritical fluid to provide a higher 
amount or proportion of supercritical fluid, the system including means for removing the 
fluid fi-om the material during or after processing thereof. The removing means may., 
provide positive extraction, such as by suction and/or include a porous, section which 
retains material and allows egress of the supercritical fluid. 
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The preferred embodiments can provide faster processing of materials, due to their 
lowered viscosity and/or processing at lower temperatures, which can considerably reduce 
cooling time. Moreover, it allows the processing of materials not currently processable 
because their viscosity was too high. 
5 According to another aspect of the present invention, there is provided a method of 

processing material in a process which requires flow of material including the steps of 
providing a material with a viscosity above that required by the process, adding to the 
material a supercritical fluid m sufficient quantity to reduce the viscosity of the material 
sufficiently for the process and processing the material at its reduced viscosity. 
10 Examples of polymers which can be processed by the disclosed process are LDPE, 

PS, HDPE, PP, PA, PTFE and UHMWPE. Sknilarly, the technique can be used to process 
any metal or ceramic powder which is compatible with a polymeric binding system, and 
can also process wood flour, wood fibres and natural fibres. Materials that are not .... 
supportive of high shear behaviour such as energetic materials can also be processed, 
15 An example of a material with a viscosity which is too high is ultra-high molecular 

weight polyetliylene (molecular weight greater than one million) which due to its very high 
melt viscosity cannot normally be processed by extrusion or injection moulding apparatus 
and is generally processed into finished parts by sintering of powder under pressure. 

An embodiment of the present invention is described below, by way of example 
20 only, with reference to the accompanying drawings, in which: 

Figure 1 is a schematic diagram of an enibodiment of system; 

Figure 2 is a graph showing apparent viscosit}' reduction with respect to the 
presence of CO2 during melt processing of low density polyethylene at 1 80°C; 

Figures 3 A to 3 C are different views of an embodiment of slit die for use in in-line 
25 rheometry measurements; 

Figure 4 is a schematic diagram of an embodiment of process apparatus used for in- 
line rheometry measurements; 

Figure 5 is a schematic diagram of and embodiment of process apparatus used for 
supercritical and near supercritical fluid assisted injection moulding; 
30 Figiire 6 is a schematic diagram of an embodiment of process apparatus used for 

supercritical and near supercritical fluid assisted melt processing using the Osciblend 
technique; 
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Figure 7 shows components produced by the Osciblend technique iising the 
apparatus of Figure 6; 

Figure 8 is a graph showing rheological behaviour when LDPE/sihcon nitride is 
processed with carbon diojdde; 

Figure 9a shows an example of porous silicon nitride extruded at 1 80°C with 

SCCO2; 

Figure 9b shows an example of porous siKcon nitride extmded at 100°C with 

SCCO2; 

Figure 9c shows an example of partiaUy sintered silicon nitride extruded at 180*^0 
with SCCO2; 

Figure 10 shows an aluminium/HDPE test bar (green state), processed with CO2, 
exhibiting preferential porosity, where area A was at higher pressure than area B; and 
Figxare 1 1 shows the internal porous structure of a sintered AI2O3 test bar. 
The system of the preferred embodiments makes use of the realisation that 
significant plasticisation effects are achievable in polymers in a molten or resinous state 
through interaction with supercritical fluids. 

Although the Icnown 'Mucell' process for producing microcellular polymer foams 
by extrusion or injection moulding also mvolves metering of supercritical carbon dioxide 
into the melt, the described embodiments concern the appHcation of supercritical, fluids to 
produce solid processed polymeric parts. Foaming is prevented, either by optimum control 
of processing conditions and/or by the use of modified process technology, lyhere gas 
formed by decompression of supercritical fluid is removed prior to, or during, formation of 
the processed part, and is therefore not entrained as gas bubbles in the final artefact. 
Potential means for achieving this include controlled venting through porous inserts in 
extrusion dies and injection moulds. Foamed products can also be made by the described 
apparatus, and some examples of these are given below. 

Referrmg to Figure 1, the apparatus shown schematically basically includes a 
supply 1 of supercritical fluid, in this example carbon dioxide. A syringe pump 2 is 
located between the supply 1 and a single screw extruder 3 to control the flow of fluid to 
the extruder. The extruder 3 includes an inlet for the introduction of a material to be 
extruded and a measuring system including a computer 6, a. data acquisition unit 5 and a 
slit die 4 with, in this embodiment, three Dynisco pressure transducers used for measuring 
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the melt viscosit}' of polymer flowing through the die to obtain the data given in Figure 2. 
The system can control the addition and mixing of supercritical fluid in the material to be 
processed and the material subsequent to that to prevent foaming. Fluid extraction means 
may also be provided to allow use of higher concentrations of supercritical fluids and may 
5 include elements such as fluid suction systems, pressure systems and/or porous membranes 
allowing escape of fluid (gaseous) but not material. 

Referring now to Figure 3, this shows an embodiment of slit die configuration used 
for in-line rheometry measurements. Figure 3a shows the slit die in side elevation, Figure 
3b shows it in front elevation and Figure 3c is plan elevation. The slit die is provided with 
10 three pressure transducers 20 which may be Dynisco transducers.). The slit die is provided 
with a point of entry 22 for material under test and a point of exit 24. It mil be appreciated 
that the die is not drawn to scale and that the dimensions given are merely indicative 

dimensions; 

Anotlier embodiment of process apparatus is shown in Figure 4, which is designed 

15 for in-line rheometry measurements. In this figure, polymer or material compoimd 30 to 
be tested is fed into a hopper 32 of the system and then into an extruder 34. A source 38 of 
fluid is coupled to a sjninge pump 40 in which it is pressurised under controlled 
temperature and then fed to inlet 42 into the extruder. Slit die 44 provides flie 
measurement transducers for taking measurements which are then fed to a data acquisition 

20 unit for analysis. 

Referring to Figure 5, this shows in schematic form an embodiment of apparatus 
used for supercritical and near supercritical fluid assisted injection moulding. Polymer or 
material compound 50 to be moulded, is fed into a hopper 52 of the apparatus and into the 
injection moulder 54. The injection moulder 54 is provided v\'ith a heated barrel 56. 

25 ■ A source 58 offluid is coupled to a syringe pump 60 and pressurised under 

controlled temperature thereby. The pressurised fluid is fed into the moulder at point of 
injection 62, which a mould tool 64 is provided for shaping the component thus produced. 
Referring to Figure 6, this shows an embodiment of process line used for supercritical and 
near supercritical fluid assisted melt processing using the Osciblend technique. In this 

30 embodiment, there is provided a ceramic' and metal powder feeder 70, a binder feeder 72, a 
hopper 74 for feeding the material into a twin screw extruder 76. A source 78 is fluid is 
pressurised under controlled temperature by syringe pump 80 and then fed a injection point 
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82 into the twin screw extruder 76. The material and fluid is passed through a modified die 
head 84 and fed into single screw injection unit 86 via a cross manifold 88. When the 
correct shot size is achieved both the twm screw extruder 76 and the single screw injection 
unit 86 stops rotating and the single screw 90 moves forward which results in injection of 
5 the material/fluid mixture into the mould tool 92. The mould tool 92 has a cavity pressure 
transducer 94 fitted and the output from this transducer 94 is received by a Kistler AQCS 
and charge ampUfier 96, 98. The output can be fed into the Osciblend microprocessor 
controller 100 for closed loop processing. 

Figure 7 shows examples of components produced using the Osciblend technique 
and the apparatus of Figure 6. 

The described embodiments are primarily considered relevant to the processmg of 
thermoplastics and thermosets, in their molten or fluid state, but also applicable to many 
other materials which interact with supercritical fluids whilst in a liquid state, giving rise to 
a reduction in viscosity. This could include foods; soft sohds or liquids, surfactant-based 
formulations; or ceramics mixtures and metallic mixtures. Easier processing of polymer 
formulations containing high loadings of additives, which give rise to a large increase in 
viscosity, is an important potential area of application, as is the use of supercritical fluids 
to facilitate processing of polymers with inherently high melt viscosities arising from their 
molecular structure (e.g. polytetrafluoroethylene, ultra high molecular weight polyethylene 
and rubbers with high molecular mass). 

Specific areas of use with filled polymer systems include: 

thermoplastics compositions containing high levels of heat sensitive 
inorganic flame retardant fillers, enabling processing at lower temperatures and pressure 
and incorporation of increased filler levels to give enhanced fire retardant perfonnance; 

polymer-based formulations contaim'ng high levels of energetic or active 
fillers, where reduced melt pressures and temperatures would result in lower risk of 
explosion dmring processing; 

polymer-based magnets where high filler levels and improved magnetic 
properties may be achievable; 

ceramics and metal compositions fonnulated using sacrificial polymer 
binders to facilitate flow during extnision and injection moulding processes. Lower melt 
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viscosities would enable formulation of compositions with higher filler levels; reducing 

thermal debinding times and defect levels produced; 

improving wet-out and impregnation of reinforcing fibres in thermoplastics 

and thermoset compounds, through reduced melt viscosities, leading to improved 
5 mechanical properties of these composites. 

In use, the plasticismg action of supercritical carbon dioxide in polymer melts is 

measured using in-line rheometry applied to a single screw extruder. Rheometry is 

preferably only used to quantify the levels of viscosity reduction achievable and is not 

strictly needed in an extrusion or moulding process which provides a final product. 
10 By optunising processing conditions, gas dose rate, temperature and pressure, 

significant viscosity reductions can be achieved, enabling enhancement of process 

performance. 

The application and potential use of this effect to different polymers is possible,, 
including highly filled compositions used in ceramic fabrication. 
15 With a greater understanding of the mechanisms occurring during melt processing 

new technologies could emerge such as new reactive processing techniques, in-situ 
materials recycling,' and shaping of difficult materials whether they are process sensitive or 
heavily filled compositions. 

By optimising processkig the. supercritical fluid can be removed to avoid foaming 
20 and therefore produce a soUd component; Ms means that the benefits of SCFs can be 
utilised to melt process a broad range of products. 

Example 1 

A. 25mm Betol single screw extruder 1 was used with a conventional polyolejBn 
25 screw profile. A special injection port was designed in-house which allowed direct 
injection of scCOi through a conventional pressure transducer port. No modifications 
were made to the extruder 1. 

A shtdie 4 was designed that allowed m-line rheometry: The slit die contained 
three Dynisco pressure transducers and a thermocouple all of which were coimected to an 
30 Adept Strawberry Tree Data Shuttle Express 4 (Adept Scientific, Letchworth, UK). Liquid 
carbon dioxide was' compressed under controlled temperature'conditions usmg an Isco 
260D syringe pump 4 (Isco, Inc., Nebraska, USA). Pressures used were 5.5 MPa (SOOpsi) 
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and 8.3 MPa (1200psi) respectively. The process line is shown schematically in Figure 1. 
Low density poiy(ethylene) (Novex, BP Chemicals, UK) was used to study the processing 
effect. Processing details are outlined in Table 1. 

Table 1: Processing conditions for the LDPE extrusion. 



Temperature (°C) 


Screw Speeds (rpm) 


Barrel Zone 1 170 


5 


Barrel Zone 2 175 


10 


Barrel Zone 3 180 


.15 


Slit Die 180 


20 



Although the average viscosity reduction observed was lower than the reports of 
previous researchers, at 25% this is still quite significant for polymer processing 
companies as machine operating overheads could be substantially reduced. Figure 2 shows 
the viscosity reduction with respect to shear rate at and the presence ofCOz. 

When subcritical CO2 was injected during processing at 0.13wt% a reduction in 
viscosity was recorded. At supercritical CO2 pressure (0.43wt%) a viscosity reduction was 
also calculated, but this reduction does not appear to.be proportional to the CO2 pressure. 
Foaming that is commonly reported when usmg SCFs during polymer processing was 
negligible and was found to be dependent on screw speed, temperature, -CO2 dose rate and 
pressure. 

. Screw speed plays a simplistic but significant role in controlling the extent of 
foaming when a very low CO2 dose rate was applied. When the screw speed was 
increased, distributive mixing of the CO2 and the polymer melt was reduced and pore size 
regularity was affected. If screw speed was too slow excess CO2 contributed to a 
supersaturated solution of CO2 in the polymer melt, which resulted in a foamed, component 
after extrusion. However, the screw speed could be adjusted to produce reduced viscosity 
processing without foaming. This adjustment is dependent on the polymer, the processing 
temperature, the gas does rate and pressure. 

At higher gas rates using alternative screw material and profiles foaming can be 
reduced or eliminated. Figures 9a and 9b show debound silicon nitride extrudates. The 
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pore sizes were controlled with the alteration of CO2 dose rate, CO2 pressure, processing 
temperature and screw speed. By reducing the processing temperature hy 80°C the 
porosity that was created at the die exit was maintained. This was due to a viscosity drop 
in the material during processing. It is important to note that it would not have been 

5 possible to manufacture this formulation under these processing conditions without the aid 
of supercritical carbon dioxide. 

Viscosity reduction was achieved even with low levels of CO2 present during 
processing. It was found that during processing screw speed was a key element to 
achieving foam-free products. This leads the way for a greater applicability for the use of 

10 SCFs as processing aids rather than just foaming agents in polymer melt processing. 



Example 2 

Reduced \dscosity behaviour of commodity polymers without the formation of 
15 foamed components 

Case 2A: Single Screw Extrusion 

A 25mm Betol single screw extruder with a conventional polyolefin screw profile 
was used. A slit die (Figure 3) containing Dynisco pressure transducers was used in the 

20 study. Data from the m-line rheometry experiments was recorded on an Adept Strawberry 
Tree Data Shuttle Express (Adept Scientific,.Letchworth, UK). Liquid carbon dioxide was 
compressed under controlled temperature conditions (32°C) using an Isco 260D syringe 
pump Cisco, Inc., Nebraska, USA). Pressures used were 5.5 MPa (SOOpsi) and 8.3 MPa 
(1200psi) respectively. The process line is shown schematically in Figure 4, A special 

25 injection port, designed in-house, allowed direct injection of CO2 through a conventional 
pressure transducer port. No modifications were made to the extruder screw design. Low 
density poly(ethylene) (Novex, BP Chemicals, UK) was extruded with and without the 
assistance of carbon dioxide (the conditions for carbon dioxide are outlined above) at 
180°C. An apparent viscosity reduction of at least 25% was reported without the extrudate 

30 foaming on exiting the die, when less than 0.5wt% of carbon dioxide was injected during 
processing. 
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Case 2B: Twin screw eytnisimi 

A Dassett co-rotatmg intermeshing twin-screw extruder with a conventional 
polyolefin screw profile was used. As in case 2A the rheological behaviour was recorded. 
A 30% reduction in viscosity was found without the polymer foaming 

Example 3 

Production of moulded commodity plastics with class A surface finish 

Case 3A: Conventional injection moulding 

Components were moulded on a Demag Ergotech 25-80 injection moulding . 
machine. Supercritical and near-supercritical carbon dioxide were injected itito the barrel 
of the single screw prepiasticising unit as outlined in Figure 5. Supercritical and near 
supercritical fluid conditions were similar to those given in example 2. Injection pressure 
and shot size were reduced by at least 35% and 25% respectively compared to the 
conventional process when carbon dioxide was injected during piasticisation. Foaming 
was prevented by the application of holding pressure during melt cooling in the mould 
cavity. In this example, holding pressure was on average a fifth of the injection pressure 
for less than 25% of the complete moulding cycle - these figures are for LDPE but would 
vary depending on the polymer, the mould tool, the injection moulding machine, the type 
of fluid that is injected, and the fluid conditions such as dose rate, pressure and 
temperature. 

Case 3B: 

Direct compounding combined with injection moulding by the Osciblend technig iie 

An Osciblend Mark IV direct compounding injection moulding macliine was used 
(Figure .6). Good mixing of the fluid and the molten polymer was achieved in the 
compounder section of the machine. The mixture was directly fed into the injection barrel 
and when the correct shot size was achieved the mixture was injected into the mould. 
Foaming on demand was possible by the selection of appropriate injection speed, injection 
pressure, holding pressure, holding time, clamp force and cooling time. The combination 
of the process parameters required to control porosity formation is dependent on the fluid 
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pressure, fluid dosing level, polj'mer repeat unit and process temperature and compounder 
screw speed. By altering the process parameters foaming did not take place. Shot size, 
holding pressure, injection speed were important factors. ' 

Figure 7 shows components moulded using the same process parameters except 
that the components on the right hand side were processed v^dth the assistance of carbon 
dioxide. Components processed with CO2 had reduced viscosit>', this improved the flow 
of the molten polymer on injection into the mould tool, which resulted in enhanced linear 
dimensions when compared to components moulded without the assistance of CO2 and the 
process disclosed herein. 



Fa' ample 4 

Processing high temperature polymers 

15 Polycarbonate (GE Plastics, Lexan grade) was processed as outlined in case 2B. 

During processing supercritical fluid was injected into the barrel an initial viscosity 
reduction of more than 50% was recorded. 



20 Example 5 

Melt processing of highly filled material systems 

The overall trend for filled polymer systems is that an increase ui viscosity 
accompanies increased filler loading. When material systems are processed using sub (or 
25 near) and supercritical fluid assisted techniques as outlined m the previous examples the 
viscosity change and the alteration of the rheological behaviour is significant; Two' cases 
are outlined for this example, these cases combined with example 6 (described below) 
suggest that the injection of near and supercritical fluids Avhilst processing can remove the 
current restrictions placed on filled systems. 



30 



wo 02/47893 



PCT/GBO 1/05489 



14 

Case 5A: Processing higbl v filled systems using - a single screw extrudftr 

A mixture of LDPE with 50 voL% 1 pm silicon nitride (Goodfellows Ltd., 
Cambridgeshire, UK) was V-biended with common processing aids for 45 minutes and 
then compounded on a twin screw extruder prior to melt processing on a single screw 
5 extruder. Dilatent behaviour was recorded when the formulation was melt processed 
without sub or supercritical fluid. When sub and supercritical fluid was injected the 
system behaved close to a Newtonian fluid. Porous extrudates were manufactured 
examples of these are shown in Figures 9a to 9c. 



Case 5B: Processine: highly fill ed systems using a twin screw eytrnHftr 

A material formulation of 62vol.% 53 ]jm alumina (Universal Abrasive) with PE 
and common processing aids was prepared as for Case 5A except the formulation was not 
compounded prior to processing. The dry mixed formulation was fed into the twin screw 
compounder and processed as for Case 2B. Alternatively, material can be fed directly into 
the twin screw extruder using the individual feeders as outlined in Figure 6. Increased 
shear rate, fluid dosing level and fluid pressure do not influence the viscosity reduction as 
once the viscosity reduction is achieved it is maintained as there appears to be a viscosity 
reduction threshold which is dependant on the material system and the type of fluid used. 
Higher volume loadings of ceramic and metal powders can be processed. Conventional 
processing routes^are capable of processing 50 to 60vol% of fiUers but now able to process 
ceramic/polymer and metal/polymer formulations at filler levels higher than 60vol% 
makmg the concept of reduced shrinkage on sintering and near net shape components a 
possibility. 



Example 6 

Semi-continuous manufacture of on-demand porous metals and ceramic 
components. 

Metal and ceramic powder fonnulations were prepared as oudihed in Case 5 A and 
dry processed using the Osciblend direct compounding injection moulding machine. By 
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adjusting the processing conditions as outlined in Case 3B ceramic and metal green state 
components were manufactured. The level of porosity and pore/cell size was controlled by 
the processing parameters. A variety of components were produced with in-situ porosity. 
This technique pro^ades improved dimensional stability and near net shape 

5 components can be manufactured. Currently average component shrinkage on sintering is 
20% with this production system shriiilcage of less than 7% is possible. Using 
conventional ceramic and metal powder binder systems this new manufacturing large 
selection of candidate ceramic and metal powders technique can be applied with ease to 
encompass a broad range of ceramic and metal powder systems. 

10 Aluminium, alumina and silicon nitride powders were processed on an extruder. 

All powders were blended with a variety of powdered polymers and processing aids. 
Figure 10 shows an PE/AI2O3 test bar in the green state that was moulded using a direct 
compounding injection moulding machine developed at Brunei University (Osciblend). 
The specimen" indicates that with increased levels of CO2 injection during processing 

15 porous components can be produced. The extent of porosity can also be controlled by the 
alteration of the processing parameters. Figure 10 shows that the right hand end of the 
sample has foamed since the area B was at a lower pressure. Figure 1 1 shows the internal 
porous stmcture of a sintered AI2O3 test bar. 

Thus, the system can also produce controlled porous ceramics. In another example, 

20 silicon nitride (1 p-m particle size, Goodfellows Ltd., Cambridgeshire, UK) combined in a 
poly(ethylene) binder (50vol%) was processed on the Betol extmder. The formulation was 
first V-blended for 45mins and then compounded in a twin-screw co-rotating Dassett 
extruder (Dassett Process Engineering Ltd., Daventry, U.K.) at 200°C: After compounding 
the material was pelletised and processed on the single screw extmder with and without 

25 SCCO2. After melt processing specimens were selected and the polymer binder was 
removed slowly by thermal degradation. 

Foamed ceramic products of controlled porosity are a major development . The 
effect of temperature on material viscosity and hence pore stability during processing can 
be clearly seen. Pore stability was achieved by a substantial reduction in processing 

30 temperature. 
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CLAIMS 

■ 1 . A method of processing material in a process which requires flow of 
material including the steps of providing material to process, adding to the material a 
5 supercritical or near supercritical fluid to reduce the viscosity of the material and 
processing the material at its reduced viscosity. 

2. A method according to claim 1, wherein the step of processing at lower 
material viscosity is carried out without causing or allowing the material to foam. 

10 

3. A method according to claim 2, wherein the step of processing at a lower 
viscosity includes maintaining the material above a predetermined pressure. 

4. A method according to any preceding claim, including the step of adding to 
15 the material an amount of supercritical fluid which is insufficient to cause foaming to the 

material. 

5. A method according to any preceding claim, including the step of 
preventing foaming of the material during processing by control of pressure and/or 
temperature. 

6. A method according to any preceding claim, including the step of removing 
the fluid firom the material during or after processing thereof 

7. A method according to claim 6, wherein the fluid is removed by positive 
extraction. 

8. A method according to claim 7, wherein positive extraction is carried out by 

suction. 
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9. A method according to claim 7 or 8, wherein positive extraction is carried 
out by providing a porous section of processing assembly which retains the material and 
allows egress of the supercritical fluid. 

5 10. A method according to claim 9, foaming is prevented during processing by 

control of pressure of the material and fluid combination. 

11. A method according to any preceding claim, wherein the supercritical fluid 
carbon dioxide. 

10 

12. A method according to any one of claims 1 to 10, wherein the supercritical 
fluid is water. 

13. A method according to any one of claims 1 to 10, wherein the supercritical 
15 fluid is nitrogen. 

14. A method according to any preceding claim, wherein the process is 
extrusion or injection moulding. 

20 15. A system for processing material in a process which requires flow of 

material including means for containing material to process, means for adding to the 
material a supercritical or near supercritical fluid to reduce the viscosity of the material and 
a processing unit operable to process the material at its reduced viscosity. 

25 16. A system according to claim 15, wherein the means for adding a 

supercritical or near supercritical fluid includes a container of a supercritical or near 
supercritical fluid. 

17. A system according to claim 15 or 16, including control means operable to 
30 control the amount of supercritical material added to the material. 
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18. A system according to claim 1 7, wherein the control means is operable to 
add an amount of supercritical or near supercritical fluid insuf5cient to cause foaming. 

19. A system according to any one of claims 1 5 to 1 8, including means for 
removing supercritical or near supercritical fluid from the material during or after 
processing thereof. 

20. A system according to claim 19, wherem the removing means includes a 
suction device. 

21. A system according to claim 1 9 or 20, wherein the removing means 
includes a porous section which retains material and allows egress of the supercritical 
fluid. 

22. A method of processing material in a process which requires flow of 
material including the steps of providing a material with a viscosity above that required by 
the process, adding to the material a supercritical fluid in sufficient quantity to reduce the 
viscosity of the material sufficiently for the process and processing the material at its 
reduced viscosity. 

23. A method of producing moulded or extruded foamed ceramic articles or 
components including the steps of providing ceramic material to process, adding to the 
material a supercritical or near supercritical fluid to reduce the viscosity of the material and 
processing the material at its reduced viscosity. 

24. A method of producing moulded or extmded foamed metallic articles or 
components including the steps of providing metal material to process, adding to the 
material a supercritical or near supercritical fluid to reduce the viscosity of the material and 
processing the material at its reduced viscosity. 
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Figure 1: Schematic diagram for tJ\e melt processing ijivestigatiort, ^vhsre 
(D Liquid CO; . ' 
© S3TingePump' 
@ Singie Screw Extruder 
<X' Slit Die mill 3 Dj-nisco Transducers 
® Data Acquisition Unit 
■® Computer System 



50CO 



5000 



- f-b C02 
OD2 al 5.5 MPa 
■ C02at 8.3 MPa 




wo 02/47893 



2/10 



PCT/GBO 1/05489 




I I 
I I 
I I 



3a 



3b 



I I 



r I 
I I 



2.5mm 



3c 




9. 



A 



■ i 




80mm 




t 



40mm 



i 



24mm 



Figure 3 



IDOCID: <WO_ 



_0a47a93AI I > 



wo 02/47893 



5/10 



PCT/GB() 1/05489 



30 



•polymer 
•comoound 



42 



A 44 



40' 



Figure 4 



wo 02/47893 



4/10 



PCT/GBOl/05489 



50 

•polymer 
•compound 



5S 



I 60 
I 



54 



0 5: 



64 




Figure 5 



.02478S3AI I > 



wo 02/47893 



6/10 



PCT/GBOl/05489 




Figure 7; 



3DCX:iO: <WO, 



.0247aS3AIJ_> 



wo 02/47893 



7/10 



PCT/GBOl/05489 




Figure 8 
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